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Abstract 
Microtensile testing was used to determine the mechanical properties of individual aluminium alloy open- cell foam struts. Finite 
element (FE) modelling of as-tested struts was carried out using X-ray microtomography (XMT) scans of the undeformed struts 
to define the geometry. Strut deformation was described by continuum viscoplastic damage constitutive equations calibrated by 
the microtensile test data for the aluminium alloy’s optimally aged condition. The as-tested strut FE model was used to develop a 
procedure that compensates for the effect of grip slippage inherent in the microtensile testing of metal foam struts, which results 
in a considerable underestimation of the elastic stiffness. The calibrated constitutive equations were then implemented into 3D 
FE models of open-cell metal foam core sandwich panels to study the effect of varying the strut aspect ratio on the mechanical 
properties of the core under uniform compression, as well as core damage visibility under localised impact scenarios. An optimal 
strut aspect ratio was identified through simulation that provides the greatest energy absorption per unit mass whilst ensuring 
core damage is accurately reflected by face sheet deformation, which is necessary for detection and repair. FE models of the 
panel subject to three and four point bending were created to provide a virtual standardised test to assess the core elastic 
properties.  
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of Scientific Committee of North Carolina State University.  
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1. Introduction 
Few studies have been previously done to assess the mechanical properties of individual open-cell metal foam 
struts, which can vary significantly from the bulk alloy from which they are made (Zhou et al. (2005)). This paper 
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aims to further this work by employing a novel microtensile testing technique to determine the strut mechanical 
properties. 
Commercial open-cell foams are typically available in a range of relative densities. The properties of metal foams 
depend most directly on those of the material from which they are made and their relative density. The relative 
density of the foam is in turn dependent on the aspect ratio of the foam struts. It is thus important to be able to 
accurately assess the effect of varying the strut aspect ratio on the mechanical properties of the foam, so as to be able 
to select the most appropriate ratio for a given application of desired strength and weight. A uniform compression FE 
model has been created in this paper to assess this effect. In addition, three and four point bending FE models have 
been produced so as to provide a virtual standard test to assess the foam core elastic properties. 
Finally, metal foams show promise as the cores of lightweight sandwich panels for use in the design of aircraft 
wing boxes. Accidental tool strikes on a wing skin during maintenance can cause considerable subsurface, ‘hidden’ 
damage in the panels. Therefore, indentation loading FE models have been developed in this paper to simulate a tool 
drop impact on a wing skin and hence quantify the extent of structural damage in the foam core sandwich panels and 
whether it is detectable.  
2. Experimental 
The open-cell foam tested in this work is a MMC fabricated from an Al-Zn-Mg-Cu (7xxx series) alloy with TiC 
particles, and was acquired from BPE International, Germany. 
The Gatan Microtest 300 rig was used for testing of the foam struts in the SEM. The struts were clamped with 
parallel, flat-surface steel grips. The tests were conducted at a speed of 0.5 mm/min, with a sampling time of 500 
ms. 
To convert the force readings from the Gatan Microtest software into engineering stress, each strut was scanned 
using XMT prior to testing so as to obtain full 3D renders of the samples. Twenty cross-sectional slices were 
exported for each strut from the XMT scans. The force readings were converted to engineering stress by dividing 
each value by the average area of the twenty cross-sectional slices. 
Engineering strain was determined from the crosshead displacement of the Gatan Microtest 300 rig. 
Ten foam struts were microtensile tested (see Fig. 1).  Several specimens fractured at the grips and were thus 
excluded from the analysis. The gradient of the initial elastic region of the stress-strain plots was found to be much 
lower than the approximate figure of 70 GPa for corresponding aluminium alloys. The average gradient measured 
from the experimental results is 14 GPa. The tested struts show decent repeatability in the results, with the UTS 
varying from 398 MPa to 435 MPa and the failure strain varying from 8.4 % to 9.8 %. 
It is clear that the elastic behaviour of the struts was not correctly measured. It is proposed that at the onset of 
yielding, the struts are subjected to uniaxial tensile testing conditions and slippage effects are significantly reduced.  
The experimental stress-strain plots have consequently been modified as follows (see Fig. 1):  
• The elastic region of the plots has been modified so that the Young’s modulus is equal to 70 GPa;  
•  The displacement due to slippage effects has been subtracted from the total measured displacement so 
as to correct the reported strain values. 
A set of constitutive equations for viscoplastic damage has been previously developed (Lin and Dean (2005), Lin 
et al. (2005)). These equations enable a range of time-dependant phenomena, such as dislocation-associated 
hardening and damage, to be modelled. 
The material constants associated with the equation set were determined by calibrating using the damage model 
using the corrected tensile test results of Fig. 1. Fig. 1 shows the calibrated damage model superimposed on the 
corrected test stress-strain plots. 
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Fig. 1. Calibrated damage model superimposed on the corrected microtensile test stress-strain graphs. 
Insert shows tested strut in SEM. 
 
An FE model has been constructed to capture the effect of slippage between the grips and the tested strut to 
establish the reasons for the reduction in measured stiffness during microtensile testing (see Fig. 2). The strut 
geometry was constructed by importing the XMT scans into the analysis software Avizo, where the geometry was 
meshed with a 4-node tetrahedral grid. The mesh was then imported into ABAQUS. 
The viscoplastic damage constitutive equation set was implemented into ABAQUS through the user-defined 
subroutine VUMAT. To model the effect of slippage between the grips and the strut, the tangential surface 
interaction between the grips and strut was assigned a penalty friction formulation, with a constant coefficient of 
friction, μf, equal to 0.25. This value was selected through trial and error so as to achieve the best fit with the 
experimental data, and lies within the typical range for aluminium/steel surface interactions – see e.g. (Chaplin and 
Chilson (1986)). Fig. 2 shows a comparison, for one tested strut, of the stress-strain graphs for the FE model with 
slippage for three different values of coefficient of friction, μf = 0.15, 0.25 and 0.40, and the experimental 
microtensile test result of the same strut. The best agreement is achieved in the observed stiffness between the FE 
model with slippage and the experimental result when μf = 0.25. Fig. 2 indicates that slippage between the strut and 
grips is the prime cause for the measured reduction in strut stiffness during microtensile testing. 
A 3D uniform compression FE model has been created in ABAQUS to assess the effects of varying the strut 
aspect ratio on the elastic properties of an open-cell foam. The foam core has been modelled using the 3D Kelvin 
structure, which consists of a regular network of space-filling idealised tetrakaidecahedrons. The struts are circular 
in cross-section. 
 
 
Fig. 2. Comparison of stress-strain graphs for the FE model with slip and the microtensile test result. 
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Five relative densities were investigated: = 0.05, 0.06, 0.07, 0.08, and 0.09 by varying the cross-sectional area of 
the struts. The length of the struts is based on the MMC Al-Zn-Mg-Cu alloy foam with TiC particles tested in this 
work, and was found to be equal to 1.7 mm from the XMT scans of the struts. The average strut cross-sectional area 
of the foam was found to be 0.562 mm2, which corresponds to a relative density of 0.09 for the Kelvin cell core of 
the uniform compression model. 
A uniform compressive load was modelled by applying a multi-point constraint (MPC) along the bottom surface 
of the upper facesheet, whereby all nodes along that surface were tied to the central node. Compressive load vs. 
displacement plots were obtained by moving this node in the vertical direction under a controlled, linear 
displacement. The viscoplastic damage constitutive equation set was implemented through the user-defined 
subroutine VUMAT. 
Fig. 3 shows the stress-strain plots for the five relative densities studied. The FE results can be fitted to Eqn. 1 
with n = 2 and α2 = 0.964. Eqn. 1 was originally provided by Ashby et al. 2000 as a scaling relationship for 
commercially available metal foams. 
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Figure 3: a) Stress-strain plots for the uniform compression FE model. b) Full stress-strain plot for r = 9 %. 
 
 
 
Fig. 4. Load-midspan deflection plot for the three point bending loading scenario. 
 
a) 
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Fig. 5. Load-midspan deflection plot for the four point bending loading scenario. 
 
Three and four point bending FE models have been produced in accordance with ASTM C-393-00 (ATSM) so as 
to provide a virtual standard test to assess the foam core elastic properties. The panels were supported by rigid pins 
on the bottom face that were constrained in all degrees of freedom. Vertical loading was applied to the rigid pins on 
the upper face. 
Figs. 4 and 5 show the load-midspan deflection plots for the three and four point bending loading scenarios 
respectively. The uniform compression FE model gave a value of G = 184.2 MPa for r = 9 %. This value has been 
superimposed on the load-midspan deflection plots up to the onset of plastic deformation (determined from the 
contour plots for stress of the FE results). It can be seen that there is a good agreement between the two. 
Low energy impacts can reduce the strength of sandwich structures as well as cause considerable subsurface 
damage. This is a problem in aircraft structures which may be subjected to tools being dropped during maintenance. 
An FE model has been developed in this Section to simulate an indentation loading scenario on a foam core 
sandwich panel. By loading and then unloading the indenter, the objective is to replicate a tool drop impact. Fig. 6 
illustrates the loading scenario. An impact energy of 20 J has been selected. 
The length and diameter of the struts are based on those of the real foam dimensions of the MMC fabricated from 
an Al-Zn-Mg-Cu alloy with TiC particles studied in this work. This gives r = 0.09. Three other relative densities 
were studied: r = 0.35, 0.02 and 0.01 by varying the cross-sectional area of the struts. 
The viscoplastic damage constitutive equation set was implemented through the user-defined subroutine 
VUMAT as the foam core strut material in the FE models. 
The maximum allowable damage for the struts in the foam core was determined from the stress-strain graph of an 
individual strut as given by the calibrated damage model in Fig. 1. Failure of the struts is deemed to occur when the 
UTS is reached. At the UTS, the critical damage, ωcrit, is equal to 0.105. 
Visible damage is defined as the region along which the top facesheet has deformed by an angle of at least 10o 
from the horizontal (see Fig. 6). For a given impact, if the facesheet visible damage region, rvd, extends at least as 
far as the critical damage region of the foam core, rcd, then it may be concluded that all of the critical internal core 
damage, ω > ωcrit, is revealed by corresponding facesheet deformation. Fig. 6 illustrates the approach. 
Fig. 7 plots both the energy absorbed per unit mass and the damage visibility ratio (defined as the ratio of 
facesheet visible damage radius to foam core critical damage radius) as a function of varying strut aspect ratios. As 
the strut aspect ratio increases, so too does the energy absorbed per unit mass, however the damage visibility ratio 
decreases. There is hence an optimal design range for the strut aspect ratio where a compromise between energy 
absorbed per unit mass and damage visibility ratio is obtained, and is represented indicatively by the shaded region 
in Fig. 7. As the energy absorbed per unit mass increases at a faster rate than the damage visibility ratio decreases 
with increasing strut aspect ratio, some sacrifice in damage visibility (i.e. selecting a damage visibility ratio slightly 
lower than 1) may be desired for a marked improvement in energy absorbed per unit mass. 
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Fig. 6: Method for determining the visible face sheet deformation radius and the foam core damage radius. 
 
 
Fig. 7: Energy absorbed/mass and damage visibility ratio as a function of varying l/t ratios. 
3. Conclusions 
A microtensile test procedure has been used to directly determine the mechanical properties of foam struts. The 
measured strut properties showed a significant reduction in elastic stiffness compared to the typical value of 70 GPa 
for Al alloys. Slippage between the grips and strut during testing appears to be the chief factor for this effect. 
The extent of structural damage in a metal foam core sandwich panel was simulated for indentation loading 
scenarios indicative of an accidental tool strike under ground repair conditions, which is one important design 
consideration for airplane wing skin materials. A range of optimal strut aspect ratios of 3.2  1/t  4.5 was 
identified that provides the best energy absorption per unit mass whilst ensuring core damage is accurately reflected 
by facesheet deformation. 
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